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Abstract: Temporal variations of ionospheric electron-density (lED) distributions over China are inversed by 
applying the computerized ionospheric tomography (CIT) technique to dual-frequency GPS data of the Crustal 
Movement Observation Network of China ( CMONOC) in 2003. Characteristics of the diurual variations of 
lED, especially the development and disappearance of the equatorial anomaly structure and the variations of 
the ionospheric vertical structure , are investigated. The result shows that it is feasible to sound and investigate 
the temporal-spatial variations of lED by using CIT technique and the high-accuracy GPS data, but the accura-
cy and reliability are limited by insufficiency of GPS data, reconstruction methods , and CIT models. 
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1 Introduction 
Ionospheric total electron content ( TEC) used in con-
ventional single-layer ionospheric models is the linear 
integration of ionospheric electron density ( lED) along 
the ray path between a satellite and a receiver. Hence, 
such models can only be used to investigate the hori-
zontal structure of the ionosphere, and are inherently 
incapable of describing the ionosphere in the vertical 
dimension. This deficiency has seriously limited the 
spatial resolution of the ionospheric structure and the 
accuracy of the ionosphere delay correction[lJ. In 
1988, Austen et al['l proposed to apply computerized 
ionospheric tomography (CIT) technique to reconstruct 
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the image of lED distributions , which not only sur-
mounted the disadvantages of conventional single-layer 
ionosphere models , but also developed a new approach 
to investigate the 3 -dimensional ionospheric structure , 
and constructed a high -accuracy ionosphere model. 
Previously, 2-dimensional lED distributions were re-
constructed by using the observations of Navy Naviga-
tion Satellite System and Cicada[J-s]. In recent years, 
GPS is widely used as a new tool to monitor and inves-
tigate the ionospheric activities, on account of some ad-
vantages , such as high precision, real time and high 
resolution. 
The establishment of the Crustal Movement Observa-
tion Network of China ( CMONOC) has provided op-
portunities for using high-accuracy GPS data to investi-
gate ionospheric activities over China [9 -tJ]. In this pa-
per, we report on a study of using the CIT technique 
and dual-frequency GPS data to inverse the annual lED 
variations and to investigate the characteristics of diur-
nal variations. 
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2 Principle and methodology 
For GPS carrier-phase measurements, the paths taken 
by the signals are essentially the same for both frequen-
cies. Hence, the difference between the delays, L1 = 
(1) 
L, - L,., can be modeled by[ 14l 
where a=l.05 x10- 17 m3/e-;tamf1a are the positions 
of satellite and receiver at time t, respectively. L1 and 
L,. are the carrier phases at frequencies}; and/2 • N. is 
the free electron density. n. and DT are the differential 
instrument bias of satellite and receiver, respectively. 
N1 and N2 are the integer ambiguities for the GPS ob-
servation at frequencies }; and / 2 • And >.1 and >.2 are 
the wavelengths of carrier phases at the two frequen-
cies. In general, the position of any point relative to 
the sun does not vary with time in the sun -fixed refer-
ence frame , and the variation of solar dark radiation is 
small. To simplify the computation, the selected ima-
ging region over China is discretized into a set of voxels 
in the sun-fixed reference frame. Assuming that the 
lED is a constant in each voxel, Equation ( 1 ) can be 
written as 
L1 =a2.2.2.(N.),J.•l•J.• +D• +Dr +A 1N1 -A 2N2 
(2) 
where l,J,k is the distance that a ray traverses the cell 
(i,j,k). 
3 Data processing and analysis 
The selected GPS observation stations are BJFS, 
CHUN, DLHA, DXIN, GUAN, HLAR, JIXN, 
KMIN, LHAS, LUZH, QION, SUIY, TAIN, TASH, 
URUM, WUHN, WUSH, XlAA, XlAG, XlAM, 
XNIN, YANC and YONG. The sample interval of the 
GPS observation is 30 seconds , same as international 
GNSS service. To reduce the impact of multi -path er-
ror, the elevation cut - off angle is set at 10 degrees. 
It is necessary to determine the quality of GPS carri-
er phases and clean the outlier before the lED is in-
versed. In this study the L4 ( L1 - L,. ) combination is 
formed by using the difference between L1 and L,.. It is 
well known that instrumental bias in one day can be 
considered as a constant, and the unknown ambiguity 
is also a constant within the arc of continuous phase 
data in the L4 combination. To reduce the number of 
unknown parameters, differential relative TEC is a-
dopted to inverse lED distribution. For each continu-
ous data arc of a given satellite-receiver pair, the 
difference between the phase measurement of one ray 
and that of the referenced ray is made in order to elimi-
nate the above-mentioned constant terms. Finally, a 
hybrid reconstruction algorithm["] is used to improve 
the initial values of lED , so that the electron density in 
each cell can be inverted.. 
4 Results and analysis 
The dual-frequency GPS data of CMONOC in 2003 are 
processed by using the above -mentioned scheme. The 
lED values of the corresponding voxel.s for every day in 
2003 are computed and the time - series images are 
plotted. Here we give , only the resnlts on August 16 as 
an example of investigating the diurnal variation of 
lED. To improve the vertical resolution of reconstruc-
tion, the CHAMP occnltation data are incorporated. In 
the actual application of space-based occnltation data, 
we need to first confirm that the ray paths traverse the 
imaged area. The corresponding distances in the cross-
ing voxels and slant TEC measurements can be ob-
tained if the available occnltation rays traverse the im-
aged region, and then the lED can be inversed by u-
sing ground-based and space-based data. As described 
above , ionospheric slant TEC is the linear integration 
of lED alone the ray path. To simplify computation, 
the reconstructed region is discretized into some small 
voxels. The intervals of the voxels in longitude, lati-
tude and height are 1°, 0. 5° and 30 km, respectively. 
The lED is assumed to be constant in each voxel. Half-
hourly GPS observations are used to inverse lED distri-
butions. 
By using the CIT technique , the lED distributions 
on August 16 , 2003 are reconstructed. Figure 1 shows 
the time - series variations of the lED as a function of 
latitude and height, at the longitude ll4°E. From Fig-
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ure 1 , the following features can be seen : 1 ) The peak 
height of the ionosphere falls from 370 km at 3 :OOUT 
to 300 km at 11 :OOUT, and then gradually increases. 
At 15 : OOUT, it reaches 375 km but begins to fall at 
9 :OOUT to 280 km at 23 :OOUT. This observation dem-
onstrates that the G.PS-based CIT technique can be 
used to investigate the vertical variations of the iono-
spheric structure. 2) An equatorial anomaly structure 
forms at 3 :OOUT with a crest of peak density of 1. 12 X 
1012e/m3 occuring at 18°N. A tilt of equatorial anoma-
ly can also be seen from this figure. However, a char-
acteristic anomaly core , which is defined as the region 
that contains at least 80% of the crest value , is fully 
developed with a peak density of 1. 37 X 1012 e/m3 • A 
tilt feature of anomaly core is shown , but its gradient is 
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flatter than that at 3: OOUT. At 11: OOUT, the peak 
density of the anomaly core reduces to 1. 07 x 1012 e/ 
m3 and the gradient of anomaly core becomes flatter. 
The equatorial anomaly structure and the tilt feature 
disappear at 15 :OOUT. These phenomena are the same 
as those observed by using other sounding tech-
niques[161. 3) The average lED values gradually in-
crease before 7 : OOUT, and then fall between 7 : OOUT 
and 19 :OOUT. Subsequently the values continue to in-
crease. This is consistent with the fact that the lED 
distributions mainly depends on the solar activity. 4) 
The lED values are higher in low-latitude region than 
in mid-latitude region. This indicates a strong correla-
tion of lED variation with latitude. 
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Figure 1 Time-series snapshots of lED as the function of latitude and height at longitude of 114 °E ( unit is 1011 e/ m3 ) 
No.I 
Wen Debao, et al. Application of ionospheric tomography inversion to GPS data to 
study ionospheric electron-density distribution over China 69 
5 Limiting factors 
The main factors limiting the accuracy and reliability of 
the lED study are as follows : 
1 ) Insufficiency of GPS data 
Many factors affect the quantity and quality of GPS 
observations. For GPS-based CIT technique, only the 
GPS observations with larger elevation angle and signal-
to-noise ratio are useful. Also, the top and low crossing 
points of the ray paths are supposed to be located in the 
imaged region. In addition, the distribution of GPS sta-
tions is usually non-uniform. All these factors have re-
snlted in the insufficiency of available GPS data and se-
verely limited the reconstruction resolution and inver-
sion accuracy of the lED distributions over China. 
2) Limitations of prior information 
Although some space-based occultation data are in-
corporated into the CIT system together with ground-
based GPS observations , the available data are still in-
sufficient for the inversion of lED over China. To cope 
with the limitations, some prior information (e. g. iono-
sonde observations and empirical ionospheric models ) 
is also used in order to improve the reconstruction accu-
racy. However, available prior information is scarce at 
present. 
3 ) Limitations of the reconstruction methods and CIT 
models 
The imaged region is discretized into some small vox-
els before the GPS data is applied to reconstruct the 
lED distributions , and the lED value in each voxel is 
usually assumed to be constant in the selected reference 
frame and time period. However, the lED distributions 
are impacted by different physical mechanisms in the 
sun-earth system, and the temporal and spatial varia-
tions of lED distributions are coupled. To improve the 
resolution and accuracy of the lED reconstruction, a 
reasonable time-varying CIT model shonld be constitu-
ted according to the temporal ionospheric variation in 
different time periods, locations and solar activities. 
However, this is a very difficult task. Thus, there is a 
difference between the actual lED distribution and the 
reconstructed resnlts by using CIT technique , and this 
difference limits the temporal resolution of the recon-
structed results of lED. 
6 Conclusions and discussion 
This paper demonstrates that it is feasible to sound and 
investigate the temporal-spatial variations of lED by u-
sing CIT technique together with high-accuracy GPS da-
ta. To improve the inversion accuracy and reliability, 
further investigation should be made in the following as-
pects : 1 ) Incorporating other types of ionospheric 
sounding data into the tomographic system. 2) Impro-
ving the density and geometry of GPS stations. 3) Con-
structing a new time-varying CIT model for China. 
At present, the available GPS data of CMONOC is 
not sufficient, thus resulting in some difficulties in find-
ing the fine structure of the ionosphere over China. 
However, the amount of CMONOC GPS data is expected 
to increase and to become more evenly distribution. In 
the futurewhen GAULEO and other global navigation 
satellite system enter service, the space-based GPS data 
will become more and more abundant. All of these de-
velopments will open a new door to further investigation 
of ionospheric activities. 
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